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Abstract Legacies of lead contamination present challenges
in the management of urban greenspaces for beneficial insect
conservation. In particular, the sublethal effects of lead con-
tamination on bee foraging behavior could negatively impact
plant-pollinator interactions and the sustainability of urban
agriculture. It is difficult, however, to distinguish between
differences in foraging behavior caused by lead contamination
directly as compared to differences resulting from variation in
floral traits, which can also be affected by contamination. We
compared the foraging behavior of bees, specifically the num-
ber of visits and visit duration, at sunflowers grown in lead-
contaminated and uncontaminated soils. We also measured
soil lead contamination’s effects on sunflower morphological
traits. While the number of visits a sunflower head received
was not affected by soil lead contamination, bee visit duration
was shorter at sunflowers grown in lead contaminated soil.
This effect of lead contamination on visit duration was not
mediated by sunflower floral traits, which were themselves
affected by lead contamination. The inability of bees to dis-
tinguish between sunflowers grown in contaminated vs. un-
contaminated soil prior to visitation suggests a possible bio-
accumulation pathway for lead in bees.

Keywords Foraging behavior . Lead contamination .

Pollination . Structural equationmodeling . Urban agriculture

Introduction

Urban greenspaces, including public and private lands, right-
of-ways, and vacant land, can be managed to conserve bene-
ficial species and the ecosystem services they provide
(Gardiner et al. 2013, 2014). While the transformation of ur-
ban greenspaces holds potential, the landscape legacies of
these habitats represent a potential threat to the biota we seek
to conserve. Cities across the United States, and in particular
those with industrial pasts, often have elevated soil lead (Pb)
levels resulting from the historic use of Pb-based paint and
leaded gasoline, the close proximity of industrial smelters and
coal-fired plants, and the improper management of industrial
waste (Mogren and Trumble 2010; Singh and Prasad 2011;
Kohrman and Chamberlain 2014). Lead is a threat to human
health (reviewed by Jarup 2003), and a possible exposure
pathway is through growing food in contaminated soils
(Brown et al. 2016). The rapid growth and popularity of urban
agriculture (Mok et al. 2014) has increased awareness of the
problem of Pb contamination in urban soils. To reduce the risk
of exposure to Pb, urban growers generally confirm that their
arable soils have Pb levels below a threshold level, which
ranges from 50 ppm – 500 ppm in the United States depending
on location and regulatory agency (Jennings and Petersen
2006). Importantly, determining that a site’s soil is below a
regulatory threshold does not indicate the site is Pb-free or that
the Pb present does not affect the structure and function of the
plant and animal communities at that site.

Bees are important bioindicators of a variety of environ-
mental contaminants, including radiation, chemicals used as
pesticides, and heavy metals (Bromenshenk et al. 1985;
Kevan 1999; Devillers and Pham-Delègue 2002; Parmentier
et al. 2014; Pisa et al. 2015; Bargańska et al. 2016).
Individuals can be exposed to contaminants through multiple
routes; bees can acquire contaminants through the
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consumption of contaminated nectar and/or collect contami-
nated dusts on their bodies from either direct sprays (in the
case of pesticides) or by contacting contaminated surfaces
(Pisa et al. 2015). The majority of studies focusing on polli-
nators and heavy metals have used the European honey bee
(Apis mellifera) or its honey as bioindicators (e.g. Free et al.
1983; Leita et al. 1996; Perugini et al. 2011; van der Steen
et al. 2012; Satta et al. 2012; Al Naggar et al. 2013; Ruschioni
et al. 2013). Other bee species are likely affected by heavy
metals in other ways given differences in morphology, nest
location, and colony structure. Given the importance of wild
pollinators in urban agroecosystems (Matteson et al. 2008;
Stavert et al. 2016), an understanding of Pb contamination’s
effect on both wild and managed pollinators is crucial for the
sustainability of pollination services.

The accumulation of heavy metals in plant parts like pollen
and nectar exposes visiting pollinators to contamination and
alters pollinators’ foraging behavior (Meindl and Ashman
2014), but this sublethal effect is poorly understood. This is
in part because pollinators’ behavioral responses varies by
contaminant. For example, pollinators visited nickel-
contaminated floral resources less frequently and for shorter
periods of time (Meindl and Ashman 2013, 2014).
Dissimilarly, neither honey bee foraging behavior nor subse-
quent pollen deposition was affected by high floral selenium
concentrations (Hladun et al. 2013). Additionally, it is difficult
to identify the sublethal effects of heavy metals on plant-
pollinator interactions because we must disentangle the direct
effect of heavy metal contamination on pollinator behavior
with the indirect effect of that contamination as mediated by
plant physical traits. High concentrations of heavy metals in
the soil can reduce floral size (Antonovics et al. 1971; Hladun
et al. 2011). Because bees prefer large floral displays and have
increased likelihood of within-plant movement at these dis-
plays (Mitchell et al. 2004), it is difficult to determine whether
differences in pollinator foraging are the result of heavy metal
contamination or floral traits.

We assessed the effects of soil Pb contamination on forag-
ing behavior, specifically the number of visits that a bee makes
to a particular flower and the duration of those visits, at potted
sunflowers (Helianthus annuus L.) grown in either Pb-
contaminated or uncontaminated potting soil. Sunflowers are
common in urban agroecosystems and are important nectar
sources for pollinators and food sources for birds and they
are also hyperaccumulators of Pb (Adesodun et al. 2010;
Cutright et al. 2010). While the majority of Pb is taken up
by sunflowers’ leaves and stems (Boonyapookana et al.
2005), Pb has also been detected in sunflower honey collected
from apiaries in polluted areas (Citak et al. 2012). We first
measured soil Pb contamination’s effect on sunflower physi-
cal traits, which we predicted based on the literature
(Antonovics et al. 1971) would be altered by Pb contamina-
tion. We then evaluated the frequency and duration of bees’

visits to sunflowers and predicted that sunflowers grown in
Pb-contaminated soil would receive fewer bee visits and the
duration of those visits would be shorter compared with sun-
flowers in uncontaminated soil. We used structural equation
modeling (SEM) to evaluate the relative importance of the
direct effects of soil Pb contamination compared to the indi-
rect effects of soil Pb contamination as mediated by sunflower
physical traits on flower visit duration.

Methods

Soil amendment and plant growth

To create Pb-contaminated soil, we added lead nitrate,
Pb(NO3)2, to thoroughly wetted, peat-based growing medium
(Pro-Mix HP, Premier Tech Horticulture) at a concentration of
80 mg Pb kg−1 (weighed prior to wetting the medium). This
contamination level is the maximum allowable concentration
of Pb permissible at urban farming sites in California
(California Office of Environmental Health 2010). We chose
this threshold because it is among the most conservative in the
country, and we were interested to see if we would observe
sublethal effects of Pb contamination even at a low concen-
tration. We added our thoroughly mixed, amended soil to 6 in.
plastic pots (n = 50) and watered these pots at 45% of the soil
water-holding capacity for at least 9 days (9–14 days) to allow
the amended soil to equilibrate before we transplanted seed-
lings into the pots. We also created control pots (n = 34),
which consisting of uncontaminated wetted, peat-based grow-
ing medium that was potted and watered in the same manner
as Pb-amended soil.

We germinated sunflowers variety ‘Dwarf Sunspot’ indi-
vidually in thoroughly wetted, peat-based growing medium
and transplanted seedlings once they produced their first pair
of true leaves into pots containing either contaminated or con-
trol soil. Transplanted seedlings (14–19 day post germination)
in their respective soil contamination treatments were random-
ly assigned a location in the greenhouse maintained at 22/
20 °C, 16/8 h day/night. Plants were watered daily to maintain
approximately 35%water holding capacity and were fertilized
once during this growing period at a rate of 150 ppm (Peters
Professional 20–10-20 General Purpose, Everris). Dwarf
Sunspot sunflowers generally produce a single flower head,
and once this flower head formed but before it opened, we
covered the flower head with a tightly woven mesh bag (1 gal
paint strainer) to exclude access to the flower head by polli-
nators and other insects in the greenhouse. We measured plant
height at 49 days after planting (5 days before the start of the
field experiment). Soil from plants not used in the field exper-
iments (n = 8 per soil contamination treatment) was air dried
and analyzed for Pb by the Service Testing and Research Lab
at the Ohio Agricultural Research and Development Center.
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Field experiment

To test the effect of soil Pb contamination on pollinator be-
havior, we placed five pairs of Pb-contaminated and control
mature sunflowers in the field for approximately 6 h and re-
corded pollinator behavior. The pairs were arranged so that
there was 1 m between the sunflowers in a pair and 10 m
between pairs.We repeated this experiment on three total days
with new plants used each day, for a total of 15 pairs of con-
taminated and control plants. Our experiments were conduct-
ed on mown turf at the Ohio Agricultural Research and
Development Center campus (40°46′52.9″N, 81°55′51.7″
W). At the start of the experiment, we carried bagged sun-
flowers from the greenhouse and removed the bags once all
of the sunflowers were in place, at approximately 08:30 h.
Once we removed the bags, pollinators were able to access
sunflowers and we recorded each flower head for the entire
period that sunflowers were accessible to pollinators (the
Bexperimental period^; approximately 08:30–14:15) using a
security camera system (Q-see, model no. QSC26404,
Anaheim, CA) that stored videos for subsequent processing.
Following the conclusion of the experimental period each day,
we measured the width and took pictures of each flower head
along with a scale bar to standardize the measurement scale in
the images. We later processed these images to quantify the
area of open flowers in each flower head using the image
processing software Fiji (Schindelin et al. 2012).

Our study took place over the course of three days within a
276 m2 area, and at the time of our study, there was an apiary
consisting of six colonies of honey bees approximately 80 m
north of our study site. It is likely that bumble bee and honey
bee visitors to our site were not each arriving from an inde-
pendent colony but instead that we were sampling the re-
sponse of a given bee community nesting within the surround-
ing landscape. Different colonies could respond differently to
experimental treatments based on factors such as previous
exposure to heavy metals, and further work is needed to de-
termine if this is the case.

Video analysis

We reviewed each video to quantify the number of pollinator
visits to that flower and the duration of each visit. We classi-
fied the start of a visit as the time that a pollinator entered the
field of view and landed on the flower head and the end of the
visit as the time that the individual left the flower head and the
field of view. If an individual left the field of view and then
immediately (< 2 s) returned, we classified this event as the
same visit. Otherwise, each new appearance in the field of
view was classified as a new visit. All pollinators were iden-
tified to the lowest taxonomic level possible for the video
resolution (16 frames per second with a playback pixel

resolution of 352 × 240 and an aspect ratio of approximately
1.222:1).

Statistical analysis

We assessed the effect of soil Pb contamination on both sun-
flower physical traits and the number and duration of bee
visits in the statistical platform R 3.2.5 (R Development
Core Team 2016).We first evaluated the effect of soil contam-
ination on sunflower physical traits. Differences in plant
height, flower head area, and the proportion of open flowers
in the flower head between sunflowers grown in contaminated
vs. uncontaminated soil were assessed using Welch Two
Sample t-tests. Flower head area was log transformed and
proportion of open flowers was arcsin transformed prior to
analysis to meet assumptions of normality.

We assessed the effect of soil Pb contamination on foraging
behavior in the three most commonly observed groups from
our video recording (Table 1): bumblebees (Bombus spp.),
honey bees, and bees from the family Megachilidae.
Separately for each taxa, we evaluated whether soil Pb con-
tamination affected the number of bee visits using negative
binomial generalized linear models with the glm.nb function
in the MASS package (Venables and Ripley 2002). In these
models, soil contamination, flower head area, date, and the
interaction between soil contamination and flower head area
were included as fixed effects. As the recording time at each
flower varied from problems with the recording hardware
(median = 20,129 s, min = 11,806, max =21,175), the total
recording time at a particular flower was included in these
models as an offset. We used likelihood ratio tests to deter-
mine if the interaction between soil contamination and flower
head area was significant and Wald type II chi-square tests
using the anova function in the car package (Fox and
Weisberg 2011) to evaluate the influence of the fixed effects.

To evaluate the effect of soil Pb contamination on visit
duration we built a structural equation model using the lavaan
package (Rosseel 2012). Given a hypothesized causal rela-
tionship among variables, SEM uses maximum likelihood to
solve a set of structural equations and, for each pair of vari-
ables, deconstructs their correlation into direct and indirect
effects (Bcausal components^) and unanalyzed contributions
(Bnoncausal components^; Schemske and Horvitz 1988).
Additionally, SEM can evaluate relationships between mea-
sured and latent variables, which are unobserved constructs
defined by one or more measured variables. In our model, we
included all of our measured sunflower physical traits (sun-
flower height, flower head area, and area of open flowers) to
inform the latent variable of ‘floral traits’. This ability to use
latent variables is beneficial for our study because a variety of
sunflower-related factors (not all of which are measured) like-
ly influence a bee’s foraging behavior. Our model hypothe-
sized that bee visit duration was affected by soil Pb
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contamination and by floral traits. Because Pb soil contami-
nation can have strong effects on plant morphology
(Antonovics et al. 1971; Kastori et al. 1998), our model hy-
pothesizes that the construct of floral traits was affected by soil
Pb contamination (Fig. 1). Using SEM, we are able to asses
both the direct effect of soil Pb contamination and its indirect
effect as mediated by sunflower floral traits on bee visit dura-
tion. Prior to analysis, visit duration was log transformed to
meet assumptions of normality. Separately for each species,
we assessed the goodness of fit of the overall model and esti-
mated the accuracy and significance of each path coefficient
using the adjusted bootstrap percentile method. Coefficient
estimates were based on 10,000 bootstrap replicates, and we
calculated the 95% confidence intervals for each standardized
estimate. We used the parameter estimates function in the
lavaan package to calculate the indirect and direct effects, their
bootstrapped estimates, and 95% confidence intervals.

Results

Chemical analysis of the soils confirmed that Pb-
contaminated soil had higher concentrations of Pb compared
to uncontaminated soil (average concentration ± 1 standard
deviation =47.26 μg/g ± 14.70 for Pb-contaminated vs.
3.53 μg/g ± 0.63 for uncontaminated). Sunflowers grown in
Pb-contaminated soil were shorter (t = −5.34, df = 27,
P < 0.001; Fig. 2a) and had smaller flower heads (t = −7.81,
df = 22, P < 0.001; Fig. 2b) when compared to plants grown in
uncontaminated soil. The proportion of open flowers on the
day of the experiment, however, did not differ regardless of
soil contamination (t = 0.10, df = 27, P = 0.92; Fig. 2c).

Soil contamination did not affect the number of visits by
bumblebees (Χ2 = 0.28, df = 1, P = 0.60), honey bees
(Χ2 = 0.17, df = 1,P = 0.68), or megachilids (Χ2 = 0.51, df = 1,
P = 0.47). The effect of flower head area on the number of

visits was not significant (bumblebees: Χ2 = 1.79, df = 1,
P = 0.18; honey bees:Χ2 = 0.10, df = 1,P = 0.75; megachilids:
Χ2 = 0.48, df = 1,P = 0.49). The number of visits was different
by day for both honey bees (Χ2 = 8.09, df = 2, P = 0.02) and
megachilids (Χ2 = 33.67, df = 2, P < 0.001) but not for bum-
blebees (Χ2 = 5.04, df = 2, P = 0.08).

For bumblebees (Χ2 = 1.08 df = 2 P = 0.58) and honey bees
(Χ2 = 3.90 df = 2 P = 0.14), our a priorimodel of Pb contam-
ination’s effects on floral traits and log-transformed visit du-
ration converged and appeared to be a good fit for our data,
with Comparative Fit Index (CFI) scores >0.95, and standard-
ized root mean squared residual (SRMR) scores <0.08 (Fig. 3
and Online Resource 1; Hu and Bentler 1999). For both
groups, soil Pb contamination had a significant negative path
coefficient to floral traits (bumblebees: −0.87, honey bees:
−0.90), indicating that soil Pb had a direct negative effect on
sunflower morphology. These standardized path coefficients
are measures of the predicted change (in standard deviations)

Fig. 1 Hypothesized relationship between soil Pb contamination and bee
visit duration. This model includes both the direct effect of soil Pb
contamination and the indirect effect as mediated by floral traits.
Variables enclosed by squares represent measured variables, while
‘floral traits’ (encircled) represents a latent variable

Table 1 Ten most commonly observed visitors to sunflowers by soil contamination

Uncontaminated Sunflowers Pb-Contaminated Sunflowers

Rank Taxa Count Taxa Count

1 Bumblebee Bombus spp. 129 Megachilids Family Megachilidae 127

2 Honey bee Apis mellifera L. 112 Honey bee Apis mellifera L. 107

3 Megachilids Family Megachilidae 108 Bumblebee Bombus spp. 84

4 Carpenter bee Xylocopa spp. 26 Carpenter bee Xylocopa spp. 32

5 Soldier beetle Family Cantharidae 14 Sweat bee Family Halictidae 18

6 Sweat bee Family Halictidae 10 Yellow jacket Vespula spp. 11

7 Hoverfly Family Syrphidae 8 Longhorn bee Melissodes spp. 10

8 Squash bee Peponapis spp. or Xenoglossa spp. 8 Hoverfly Family Syrphidae 9

9 Moth Lepidoptera 4 Spotted cucumber beetle Diabrotica undecimpunctata 7

10 Yellow jacket Vespula spp. 4 Soldier beetle Family Cantharidae 7
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in a response variable when we allow a single predictor vari-
able to vary and hold all other correlated variables constant.
For example, in the bumblebee model a − 0.87 standard path
coefficient from Pb contamination to floral traits means that
varying Pb contamination by one standard deviation resulted
in floral traits decreasing 0.87 standard deviations. Soil Pb
contamination, which in our models was the only variable
affected floral traits, was highly predictive of sunflower floral
traits, explaining 75% (bumblebee model) and 81% (honey
bee model) of the variation. Soil Pb contamination also had
a significant direct negative effect on log-transformed bee visit
duration, with significant negative path coefficients for both
the bumblebees (−0.44) and honey bee (−0.42) models
(Table 2 and Fig. 3). This suggests that Pb contamination
significantly reduces bumblebee and honey bee visit duration
when floral traits are held constant. Neither the direct effect of
floral traits (Fig. 3) nor the indirect effect of soil Pb contam-
ination (acting through floral traits; Table 2) were significant.
Altogether, little of the observed variation in log-transformed
visit duration was explained by the direct and indirect effects
of Pb contamination (bumblebee model: R2 = 0.18, honey bee
model: R2 = 0.11). This low variance explanation suggests

that additional unmeasured factors and/or random variation
influenced bee visit duration.

The fit of our a priori model to the Megachilidae data was
not as definitive as it was for the other two bee taxa (Online

Fig. 3 Solved path models for (a) bumblebees and (b) honey bees. Each
line’s thickness indicates the strength of the relationship, and the number
associated with each line (standardized to range from 0 to 1) indicates the
relative influence of that particular variable on the response variable when
all other variables are held constant. Visit duration was log-transformed
prior to analysis. Positive effects are represented by solid lines, negative
effects by dashed lines. For single-headed arrows, these values are
standardized path coefficients, for double-headed arrows, correlation
estimates between predictor variables. Indirect effects are calculated by
multiplying the standardized path coefficients of the constituent direct
effects together. When this relationship is significantly different from
zero, statistical significance is designated with an asterisk (*, P < 0.05;
**, P < 0.01; ***, P ≤ 0.001)

Fig. 2 Plant morphological traits (mean ± SE) for plants grown in Pb-
contaminated and uncontaminated soil: a sunflower height, b flower head
area, and c proportion of open flowers in the flower head
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Resource 1). While the two-index presentation strategy (Hu
and Bentler 1999) would suggest that our model fit well, with
both a CFI score of 0.99 and a SRMR score of 0.05, the Χ2

goodness-of-fit statistic was highly significant (Χ2 = 20.75,
df = 2, P < 0.001) and the Root Mean Square Error of
Approximation (RMSEA) was >0.06 (although this fit index
has an inflated Type II error rate at sample sizes <250). This
questionable fit prompted us to examine the resulting path
model for general trends only. In looking at the path coeffi-
cients, neither the direct effect of soil Pb contamination nor the
indirect effect as mediated by floral traits had a significant
effect on log-transformed visit duration (Table 2), although
these path coefficients’ signs and relative effect sizes were
similar to the bumblebee and honey bee models.

Discussion

Soil Pb contamination altered bee foraging behavior, and this
effect was independent of plant height, flower head area, or
the area of open flowers despite contamination’s strong effect
on these physical traits. Bees spent 5.4 (bumblebee), 3.7 (hon-
ey bee), and 3.6 (Megachilidae) times longer foraging at sun-
flowers grown in uncontaminated relative to Pb-contaminated
soil. At the same time, the number of unique visits to a sun-
flower did not depend on soil contamination. This is similar to
the effect of other heavy metals on plant-pollinator interac-
tions (Se: Hladun et al. 2013; Ni: Meindl and Ashman 2014)
and supports the assertion that foragers are unable to visually
distinguish between resources grown in contaminated and un-
contaminated soil (Meindl and Ashman 2013, 2014).

Soil Pb contamination clearly altered plant growth: con-
taminated soil sunflowers were 18% shorter and had flower
head areas that were 38% smaller than sunflowers grown in
uncontaminated soil. While we hypothesized that differences
in plant morphology would affect bee foraging behavior, our
finding that these floral traits did not mediate the effect of soil
contamination on bee visit duration was contrary of our ex-
pectation. Our results instead suggest that bees are detecting

some variation in floral resources grown in contaminated soil
after arrival and adjusting their visit durations based on their
assessment in reward quality. While we did not measure Pb
accumulation in nectar or pollen, and in general, exposure to
Pb-contaminated soil is thought to be the most common ex-
posure pathway (Brown et al. 2016), heavy metals can accu-
mulate in floral rewards (Hladun et al. 2011; Meindl and
Ashman 2014), Pb has been detected in honey (Citak et al.
2012), and the consumption Pb-contaminated nectar can have
deleterious effects on bees (Di et al. 2016). Bioaccumulation
through consumption has been documented in terrestrial food
webs (reviewed by Gall et al. 2015), and if Pb is present in
floral resources, then this inability to discriminate contaminat-
ed flowers prior to contact could lead to bioaccumulation
within exposed populations. Alternatively, Pb could have af-
fected visit duration through other aspects of nectar quality,
including sugar content and nectar quantity, which could also
negatively impact pollinator survivorship and reproductive
success. Disentangling the mechanism(s) driving the behav-
ioral change in pollinators when contacting resources grown
in contaminated soil is key to advancing pollinator conserva-
tion and pollination services in urban greenspaces where ele-
vated soil heavy metal concentrations are commonly found.

Importantly, the pollinators exposed to our experimental
sunflowers were likely naïve to Pb-contaminated plants, as
the site where we conducted the experiment is located in a
rural landscape dominated by agriculture and forested habi-
tats. We might expect that pollinators in urban ecosystems,
with previous exposure to heavy metal contaminants, to be-
have differently at contaminated flowers. For example, polli-
nator communities at serpentine sites, characterized by soils
with relatively high concentrations of several metals, visited
potted Streptanthus polygaloides equally regardless of wheth-
er they were grown in Ni-treated or control soil. When evalu-
ated at non-serpentine sites that hosts a closely-related, non-
accumulator species, however, S. polygaloides grown in Ni-
treated soil received 60% fewer bee visitors relative to controls
(Meindl and Ashman 2015). This result suggests that the pol-
linator communities found at each of these sites differ in their

Table 2 Direct and indirect (acting through floral traits) effects of soil Pb contamination on bee visit duration for each of the three bee taxa as quantified
by SEM. Path diagrams for bumblebees and honey bees are illustrated in Fig. 3 and path diagram for Megachilidae not shown (see Results for details)

Group Parameter Standardized Estimate z-statistic p-value Standardized Lower
95% Confidence Interval

Standardized Upper
95% Confidence Interval

Bumblebee Direct −0.44 −2.92 0.004 −0.66 −0.22
Indirect −0.02 −0.37 0.708 −0.13 0.19

Honey bee Direct −0.42 −3.11 0.002 −0.69 −0.16
Indirect 0.10 0.82 0.412 −0.17 0.37

Megachilidae Direct −0.29 −1.43 0.152 −0.59 0.16

Indirect −0.09 −0.44 0.662 −0.53 0.21

Standardized confidence intervals calculated by bootstrap (N = 10,000). Intervals that overlap zero are considered non-significant
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tolerance of heavy metal accumulation in floral rewards. If
pollinator communities in urban ecosystem are in fact more
tolerant of heavy mental contamination, then we would not
expect differences in visitation rate between contaminated and
uncontaminated plants. If this tolerance stems from the deter-
rence of less-tolerant pollinator species from contaminated
areas, then we would expect pollinator richness and species
composition might be negatively affected (similar to the
BElemental Filter Hypothesis^; Meindl and Ashman 2015).
Alternatively, this tolerance could arise on the individual level
after repeated exposure to contaminants. Further work is need-
ed to evaluate which, if either, selective force is at play in
urban ecosystems.

Our finding that soil Pb contamination affects pollinator
foraging behavior can begin to inform the assessment of urban
greenspaces for species conservation. In particular, if a site has
high levels of Pb, then plantings established for pollinator
conservation could take up this contaminant. Reduced forag-
ing duration at these contaminated resources could result in
reduced pollination success for plants and nutrition for polli-
nators that are potentially intolerant of Pb-contaminated floral
resources. Additionally, if pollinators are unable to detect con-
taminated floral resources prior to contact, as we found here,
then Pb could bioaccumulate in pollinators as a result of con-
tact with or consumption of contaminated pollen or nectar.
Th i s has imp l i ca t i ons no t on ly fo r the use o f
hyperaccumulators as nectar sources to sustain pollinators in
urban agriculture, but also, as suggested by Meindl and
Ashman (2013, 2014), for the use of insect-pollinated plants
in phytoremediation. Further work to establish the bioaccu-
mulation pathway of Pb and other heavy metals for pollinators
and determine the effects of chronic exposure on pollinator
health and efficiency will be necessary to evaluate the full
impact of heavy metal contamination on pollination services
and whether it is necessary to consider this contamination in
urban greenspace design and management.
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